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ABSTRACT
We present first direct evidence of modulation in the K-band of Blazhko-type RR
Lyrae stars that are identified by their secular modulations in the I-band data of
OGLE-IV. A method has been developed to decompose the K-band light variation
into two parts originating from the temperature and the radius changes using synthetic
data of atmosphere-model grids. The amplitudes of the temperature and the radius
variations derived from the method for non-Blazhko RRab stars are in very good
agreement with the results of the Baade-Wesselink analysis of RRab stars in the M3
globular cluster confirming the applicability and correctness of the method. It has
been found that the Blazhko modulation is primarily driven by the change in the
temperature variation. The radius variation plays a marginal part, moreover it has
an opposite sign as if the Blazhko effect was caused by the radii variations. This
result reinforces the previous finding based on the Baade-Wesselink analysis of M3
(NGC 5272) RR Lyrae, that significant modulation of the radius variations can only
be detected in radial-velocity measurements, which relies on spectral lines that form in
the uppermost atmospheric layers. Our result gives the first insight into the energetics
and dynamics of the Blazhko phenomenon, hence it puts strong constraints on its
possible physical explanations.
Key words: stars: horizontal branch – stars: oscillations (including pulsations) –
stars: variables: RR Lyrae – Galaxy: bulge – techniques: photometric –
1 INTRODUCTION
The Blazhko effect, the periodic/cyclic amplitude and
phase changes of the pulsation light curve of RR Lyrae
(RRL) stars on time scales of tens to thousands of days
(Blazhko 1907; Shapley 1916), is a century-old puzzle
of stellar pulsation. The properties of the modulation
have already been documented in detail, based on ex-
tended photometric time-series observations of large sam-
ples of Blazhko stars. The ground-based observations of the
Konkoly Blazhko Survey (Jurcsik et al. 2009; Jurcsik 2009),
from Antarctica (Chadid et al. 2014), the Optical Gravita-
tional Lensing Experiment (OGLE) project (Smolec et al.
2015; Prudil & Skarka 2017), and the CoRoT - and Kepler-
satellite measurements (Szabo´ 2010; Kolenberg et al. 2011;
Benko˝ et al. 2014; Molna´r 2018) have revealed several new
features of the modulation. Despite these achievements, fun-
damental understanding of the phenomenon is still missing.
⋆ E-mail: jurcsik@konkoly.hu
Summaries of our recent knowledge on the Blazhko phe-
nomenon and reviews on the problems in the interpreta-
tions were published in recent years by Szabo´ (2014); Kova´cs
(2016); Smolec (2016), and Kolla´th (2018).
Information on the modulation properties of RRL stars
in the near-infrared is very sparse. Sollima et al. (2008) mea-
sured time-series data of RR Lyr itself in the JHK bands,
and they attributed the observed increased scatter of the
light curves to the Blazhko effect. However, looking at the
light curves (figure 1 in Sollima et al. 2008) it can be seen
that despite the similarity of the amplitudes in the three
bands, the K-band light curve shows the smallest scatter.
Therefore, if modulation is the reason of the scatter than it
has the most-reduced amplitude in the K-band.
The KS-band (hereafter K) observations of RRL stars
in ω Centauri (NGC 5139 Navarrete et al. 2015) have not
firmly established K-band modulation, either. The limited
amount of data points, and the large observational base-line
hampered these efforts, although an increased scatter was
c© 2018 The Authors
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also noticed by Navarrete et al. (2015) for some of the ω
Cen variables.
Spectroscopic observations of Blazhko stars (e.g.
Preston, Smak & Paczyn´ski 1965; Chadid & Chapellier
2006; Chadid et al. 2008; Chadid & Preston 2013;
Jurcsik et al. 2017) show that their radial-velocity variation
is also modulated and displays parallel changes with the am-
plitude and phase modulations of the light-curve. However,
the first attempt to perform a Baade-Wesselink analysis
of Blazhko stars has led to the surprising conclusion that
the radial displacement of the photosphere does not seem
to show any variation even for stars with large modulation
amplitude (Jurcsik & Hajdu 2017).
The possible lack of the modulation in the K band was
interpreted as a depth-dependent property of the Blazhko
effect by Jurcsik & Hajdu (2017). While the radial-velocity
data document the dynamical movement of the higher, line-
forming layers of the atmosphere, the K-band light curve
reflects the changes of the deepest regions of the photosphere
due to the near-infrared dip in the opacity.
However, because questions remain aboutK-band mod-
ulation amplitudes of Blazhko stars, an independent inves-
tigation of Blazhko modulation in the K-band is desirable.
The OGLE-IV observations (Soszyn´ski et al. 2014) pro-
vide excellent time-series data of a huge number of RRL
stars in the Galactic bulge, and ∼ 40 per cent of these stars
show the Blazhko effect (Prudil & Skarka 2017). Selecting a
sample of Blazhko RRL stars from the OGLE-IV data base,
our aim was to check the K-band light curves of the VISTA
Variables in the Vı´a La´ctea (VVV, Minniti et al. 2010) sur-
vey. Based on the results of our analysis, the properties of
the modulation in K band have been explored.
2 DATA
The OGLE-IV I-band photometry (Soszyn´ski et al. 2014)
has been utilised in conjunction with the VVV K-band ob-
servations of the Galactic bulge in the analysis.
We have used photometry based on individual detec-
tor frame stacks (pawprints) from the VVV survey, pro-
vided by the VISTA Data Flow System (Emerson et al.
2004; Irwin et al. 2004) of the Cambridge Astronomy Survey
Unit (CASU). Since the detection of light-curve modulation
is generally very sensitive to the number of data points, we
have focused on Blazhko variables, selected from the OGLE-
IV RR Lyrae data base1, which had more than the usual
number of data points (50−70) in the VVV survey. At first,
we selected an initial sample of 46 Blazhko variables with
a sufficient number of K-band data (> 500) to detect any
possible modulation of the light curves.
As CASU provides photometry with multiple aperture
sizes, the optimal apertures were chosen based on the scat-
ter of the observations. The light curve with the aperture
yielding the smallest scatter was selected individually for
the studied stars.
VISTA observations of a single tile (a contiguous area
of ∼ 1.5◦ × 1◦) constitute 6 separate sub-exposures called
pawprints, in order to fill the substantial gaps between the
1 http://ogle/astrouw.edu.pl/
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Figure 1. The OGLE I-band and the VVV K-band measure-
ments of two Blazhko stars in the sample are shown to document
the time-span and coverage of the data. ID 13185 and ID 34069
have the largest and the smallest number of observations in the
sample of stars used for the detailed analysis.
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Figure 2. Peak-to-peak I-band amplitudes versus pulsation pe-
riod are shown for the stable-light-curve, reference sample of stars.
For comparison, the AI versus P relation of non-Blazhko RRab
stars in the M3 globular cluster is also plotted.
detectors of VIRCAM. These data clusters span only 3-
min intervals. Furthermore, neighbouring tiles have overlap-
ping regions near the edges. Data points belonging to the
same pawprint (and tile) observations were identified and
corrected for any possible small offsets arising from system-
atic differences in the photometric calibration in the order
of 0.005 − 0.03. mag.
The partially overlapping OGLE-IV and VVV observa-
tions cover the JD 2 455 300− 2 457 280 and JD 2 455 260−
2 456 600 time intervals, respectively (see Fig. 1). Although
this makes a combined analysis of the OGLE-IV and VVV
MNRAS 000, 1–16 (2018)
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Figure 3. OGLE I-band and VVV K-band light curves of three Galactic-bulge RRab stars in eight phases of the Blazhko modulation.
The full light curves are shown in grey in the frames for comparison. Large-amplitude modulation is evident in the I band and parallel
changes appear also in the K band at around the maximum phase of the pulsation. Phase 1.0 (0.0) corresponds to the maximum phase
of the mean light curve in the I band.
data feasible, the phased I- and K-band light-curves do not
match in phase accurately enough for many variables, most
probably due to the strong changes in the pulsation period
of these stars. To successfully carry out the analysis, it is
required for the variable in question to possess stable pul-
sation and relatively simple modulation behaviour, and the
data to be extensive enough to allow accurate light curve
decomposition. Therefore, stars with a large period-change
rate and/or with strongly multi-periodic modulation have
been omitted from the sample. Some stars with inadequate
K-band data were removed, too. This selection made it pos-
sible to perform the analysis using the same pulsation and
modulation frequencies in both bands.
After evaluating each variable by these criteria, we
were left with 22 Blazhko stars for the detailed analy-
sis. The time coverage of the observations for the stars
with the largest (OGLE-BLG-RRLYR-13185, hereinafter
OGLE-BLG-RRLYR is shortened to ID) and the smallest
(ID 34069) number of data points in this final sample is doc-
umented in Fig. 1.
For reference, nine RRab stars with stable light curves
(i.e. non-Blazhko) have also been included in the study, in
order to check and validate the results of the analysis. The
data of RRab stars in the M3 globular cluster (Jurcsik et al.
2017; Jurcsik & Hajdu 2017) are used in the course of the
analysis in many contexts. Although the metallicity of M3 is
MNRAS 000, 1–16 (2018)
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Table 1. List of the stars selected for the detailed analysis
Var. Ppuls Pmod E(I −K)
∗ R0
∗∗
OGLE ID [d] [d] [mag] R⊙
Stable RRab stars
10879 0.470743 1.195 4.54
11025 0.684346 1.105 5.51
11105 0.520411 0.780 4.78
12423 0.536823 0.971 4.86
13714 0.548255 1.394 4.91
13851 0.674377 1.088 5.47
14408 0.446024 0.912 4.41
33548 0.585278 2.202 5.08
34927 0.679371 1.413 5.49
Blazhko RRab stars
08263 0.632747 35.82 2.155 5.29
09904 0.490706 111.35 1.283 4.64
10402 0.552169 91.08 1.522 4.93
11000 0.586359 56.81 0.869 5.09
11104 0.540359 185.09 1.105 4.88
11134 0.656004 177.15 1.133 5.39
11381 0.583529 107.84 0.935 5.07
11992 0.613531 73.44 0.746 5.21
12085 0.547507 28.56 0.774 4.91
12088 0.557407 31.26 0.741 4.95
13185 0.620459 57.87 0.812 5.24
13640 0.588433 476.19 0.745 5.10
14225 0.562246 193.46 0.864 4.98
14261 0.510530 201.6 1.017 4.73
14322 0.581213 26.54 1.053 5.06
14350 0.479727 37.05 1.089 4.58
14654 0.540359 18.96 1.736 4.87
14859 0.447746 68.97 0.993 4.42
16012 0.517044 64.93 1.180 4.76
34069 0.569616 135.32 2.820 5.01
34864 0.559212 26.04 1.451 4.96
35076 0.491096 108.44 1.606 4.64
∗ E(I −K) is derived from the calibration of the MI and MK
absolute magnitudes of RRL stars (Catelan at al. 2004)
transformed to the photometric system of VVV.
∗∗ The radii are calculated from the logR/R⊙(log p, logZ)
calibration of Marconi et al. (2015).
[Fe/H] = −1.5, i.e. smaller than the mean metallicity of the
bulge RRL stars ([Fe/H] = −1.0, Pietrukowicz et al. 2015),
multi-colour information on the modulation properties and
radius- and temperature-change amplitudes have only been
published for a large, homogeneous sample of RRab stars in
Jurcsik et al. (2017).
The I-band amplitude versus period relation of this ref-
erence sample of bulge stars is compared to the results of
stable-light-curve RRab stars in M3 in Fig. 2. The location
of the bulge stars in this plot indicates that they are sim-
ilar to the variables in M3, i.e. the sample contains both
Oosterhoff I- and II-type stars (OoI and OoII, respectively;
Oosterhoff 1939). The OoII stars have larger amplitudes
than the OoI-type stars at the same period (for a revirew of
the Oosterhoff effect read e.g., Catelan & Smith 2015). This
is in line with the detection of OoI and OoII populations
in the bulge by Prudil et al. (2018). An “outlier” (ID12423)
can also be seen in this plot. Based on its position, this star
has either a significantly larger metallicity than the others
or its photometry is erroneous. However, checking the find-
ing chart of ID 12423 in the OGLE data base, we have not
seen any indication for any defect of the photometry. Thus
ID12423 is regarded as an example for the inhomogeneity of
the bulge sample, or this star does not belong to the bulge
population.
Table 1 lists the OGLE IDs of the variables and their
pulsation and modulation periods determined and used in
the analysis. The E(I − K) reddenings are derived us-
ing the MI and MK absolute magnitudes of RRL stars
(Catelan at al. 2004) transformed to the VISTA photomet-
ric system, and are given in column 4 of Table 1. The ra-
dius values (R0, column 5) are calculated according to the
formula: logR/R⊙ = 0.749(±0.006) + 0.52(±0.03) logP −
0.039(±0.006) logZ (Eq. 7 of Marconi et al. 2015), adopt-
ing Z = 0.001.
3 LIGHT-CURVE ANALYSIS
The light curves were analysed using the program packages
MUFRAN (Kolla´th 1990) and LCfit (So´dor 2012). First, the
solution of the I data was determined as the amplitudes are
larger and the noise is smaller in the I band than inK. Using
sine decomposition, the light curves are described as Fourier
series of the pulsation (kfp, k = 1...i) and modulation
(kfp ± lfm, k = 0....j, l = 1...4) frequency components and
the mean magnitude (a0). The actual pulsation/modulation-
component content has been determined separately for each
star; only frequency components with amplitudes larger than
3σ are taken into account.
After determining the period of the modulation for the
I-band data, a minor but clear sign of changes of the light-
curve shape was detected in the K-band at different phases
of the modulation. The modulation is evident not only for
the 22 stars selected for the analysis but for all of the 46
Blazhko stars for which the K-band light curves were eval-
uated.
Fig. 3 documents the I- and K-band light curves of
three representative Blazhko stars of the sample in eight
phases of the modulation cycle. The complete, phased light
curves are shown in grey in each panel of Fig. 3 for compar-
ison. Although the modulation has only a small amplitude
in the K band, there is no doubt that the Blazhko modula-
tion appears in this band, too. In view of this, it seems that
the absence of clear-cut modulation in the K-band data of
Sollima et al. (2008) and Navarrete et al. (2015) was likely
due to the sparseness and small S/N of their data, along
with the intrinsically small amplitude of the Blazhko signal
in the near-IR.
The fp and fm frequencies determined for the I-band
data were accepted to be valid for the K-band light-curve
solution. However, it contains a smaller number of the pulsa-
tion and modulation components than in the I band because
of the more sinusoidal shape of the light curve and of the
small amplitude of the modulation in this band.
Non-Blazhko RRab stars were analysed similarly; the
adopted pulsation frequency was determined for the I-band
data.
Once the light-curve solutions of the data sets were de-
termined, simultaneous I- andK-band time-series data were
MNRAS 000, 1–16 (2018)
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Table 2. Mean values of the AK/AI amplitude ratios of the
pulsation and modulation frequency components of Blazhko and
non-Blazhko samples of stars in the bulge and for the AI/AV
ratios in M3.
Order Freq. Star AK/AI(rms)∗ AI/AV (rms)
Galactic bulge M3
1st
fp stable 0.58(3) 0.635 (2)
fp Bl 0.57(2) 0.623 (2)
fm Bl 0.30(2) 0.630(10)
2nd
fp stable 0.41(2) 0.653 (2)
fp Bl 0.40(1) 0.633 (4)
fm Bl 0.32(2) 0.625(15)
3rd
fp stable 0.39(2) 0.665 (3)
fp Bl 0.37(1) 0.649 (7)
fm Bl 0.33(2) 0.661(14)
∗ The rms scatter corresponds for the last digit(s).
generated, and the synthetic K light and the I −K colour
curves were used in the course of the analysis.
3.1 Amplitude ratios of the I- and K-band light
curves
The light curves of RRL stars are significantly different in
the I and K bands. The optical BV RI light curves of RRab
stars have similar, strongly asymmetric shapes with a sharp
rising branch and a peaked maximum (with the exception
of the longest-period, smallest-amplitude variables), in con-
trast with the somewhat less asymmetric light curves with
flat maximum seen in the K-band (see Fig. 3). Besides the
light-curves’ shapes, the characteristics of the modulation
seem to be different in the I and K bands, too. The modula-
tion affects nearly each phases of the pulsation with the most
significant changes appearing at maximum and minimum
phases in the I band. On the contrary, profound changes of
the K-band light curves are evident only around the maxi-
mum.
The differences between the pulsation and modulation
properties in the K and I bands are investigated by check-
ing the differences between the amplitude-ratio relations of
pulsation and modulation frequency components in different
orders in the two bands. The results are compared to the am-
plitude ratios for the I- and V -band light curves of RRab
stars of the M3 globular cluster published in Jurcsik et al.
(2017). In order to estimate the significance of these rela-
tions, the errors of the amplitude ratios are calculated using
the formal errors of the Fourier amplitudes. We note, how-
ever, that these formal errors may underestimate the true
errors as they do not reflect any uncertainty originating from
any systematic defect of the photometry.
As the pulsation amplitude in the K band is about half
of the amplitude in the I band, we checked first whether the
same rate of decline in the amplitudes of the modulation fre-
quency components are observed. Hence, the changes of the
AK/AI amplitude ratios of the pulsation (p) components of
non-Blazhko and Blazhko stars are compared with the am-
plitude ratios of the modulation (m) frequency components.
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Figure 4. Amplitude ratios of the K and I band (AK/AI) pul-
sation (kfp, filled symbols) and modulation (kfp±fm, open sym-
bols) frequency components of the Galactic bulge RRab stars are
plotted in the left-hand panels. The amplitude ratios of the pul-
sation component of stable and Blazhko RRab stars are shown
by different symbols. The first three harmonic-order components
are shown in the top, middle, and bottom panels separately. The
right-hand panels show the same amplitude ratios for the V - and
I-band data of variables in the M3 globular cluster. The errors of
the amplitude ratios of the pulsation components are not shown
as they hardly exceed the points’ size. Linear fits of the data of
each sample are drawn in the plots.
The results for the first three harmonic orders are shown in
the left-hand panels of Fig. 4. The right-hand panels display
similar amplitude ratios for the M3 data, which relate the
decline of the pulsation and modulation amplitudes between
the V and the I bands.
The AK/AI amplitude ratios determined for the bulge
sample show significant differences, especially in the first
harmonic order. Although the AK/AI amplitude ratios of
the pulsation components are the same for the stable and
for the Blazhko type stars (shown by filled squares and cir-
cles, respectively, in Fig. 4) and the linear fits to these data
are in coincidence in each harmonic order, they differ signif-
icantly from the AK/AI amplitude ratios of the modulation
components (shown by empty circles in Fig. 4) as can be
seen in the plots. The amplitude ratios of the pulsation and
modulation components show similar variations in the sec-
ond/third harmonic orders as in the first harmonic order,
but the differences become less and less significant.
The mean values of the different amplitude ratios of
the bulge and the M3 samples are listed in Table 2. The
MNRAS 000, 1–16 (2018)
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Figure 5. The ratio of the I- and K-band relative strength of
the modulation (Am/Ap) of Blazhko stars in the Galactic bulge is
shown for the first three harmonic orders in the left-hand panels.
The right-hand plots display the same ratios for the V and I data
of the M3 Blazhko stars. For guidance, the equality of the values
of the relative strength of the modulation in the two bands are
indicated by horizontal lines in each panel.
differences between the mean values of theAK/AI amplitude
ratios of the pulsation and the modulation components in
the bulge sample are 0.27, 0.08, and 0.05 in the first-, second-
, and third-harmonic orders, respectively, but there is no
difference between the similar ratios for the I- and V -band
M3 data.
The small value of the AK/AI ratios of the modulation
components compared to the amplitude ratios of the pulsa-
tion components proves that the decrease of the modulation
amplitudes between the I and K bands is indeed more sig-
nificant than the decrease of the amplitudes of the pulsation
components. As this is most prominent in the first harmonic
order, the modulation of the sinusoidal-shaped part of the
light curve is the most anomalously reduced in the K band.
Another interesting feature of the AK/AI ratios of the
pulsation and the modulation frequencies is that they show
opposite-sign period dependence. The first order AK/AI ra-
tio of the pulsation components is as large as 0.6 at small
pulsation frequencies (long periods) but it is around 0.4 at
high frequencies (short periods). Meanwhile, the amplitude
ratio of the modulation component increases from 0.2 to 0.4.
The largest discrepancy between the AK/AI ratio of the pul-
sation and the modulation components is thus detected at
the short-frequency (long-period) end.
Secondly, we examine the relative strength of the mod-
ulation to the pulsation in the different bands. The rela-
tive strength of the modulation is measured by the Am/Ap
ratio of the modulation and the pulsation frequency com-
ponents. To follow its changes in the different bands the
(Am/Ap)
I/(Am/Ap)
K ratios determined for the bulge sam-
ple are compared to the similar ratios for the V and I bands
of the M3 data in Fig. 5.
The M3 data indicate that these ratios are the same
in the V and the I bands; the mean values of the
(Am/Ap)
V /(Am/Ap)
I ratios are 1.0 within the error range
in each of the first three harmonic orders (right-hand panels
of Fig. 5). The same ratios for the I- and K-band ampli-
tudes (left-hand panels in Fig. 5) are, however, significantly
larger than 1.0, indicating that the relative strength of the
modulation to the pulsation can be even about 3− 4 times
larger in the I band than in the K band. The difference be-
tween the relative strength of the modulation in the I and
K bands is again the largest in the first harmonic order.
Summarising, the amplitude-ratio relations of the
pulsation- and modulation-frequency components show dif-
ferent characteristics in theK band compared to the proper-
ties in the V and I bands. The K amplitudes of the modula-
tion components do not follow the same colour dependence
as the pulsation, their amplitudes are smaller than expected,
as indicated by the low values of their AK/AI ratios, and the
large values of the (Am/Ap)
I/(Am/Ap)
K ratios. Although
there is no doubt that the modulation is also present in the
K band, these results show that the amplitudes of the modu-
lation frequency components are anomalously reduced. The
most discrepant behaviour of the modulation components is
observed in the first harmonic order.
4 SEPARATION OF THE K-BAND LIGHT
CURVE INTO TEMPERATURE- AND
RADIUS-CHANGE CONNECTED
VARIATIONS
Our main goal is to decompose the K-band light curve into
parts originating from the change in radius (∆KR) and the
change in temperature (∆KTeff ) using the I and K observa-
tions and combining them with the synthetic data of model-
atmosphere grids (Castelli & Kurucz 2003).
The monochromatic flux received at the Earth (fλ) de-
pends on the angular radius (θ = R/d, where R and d are the
radius and the distance of the star) and the monochromatic
flux at the stellar surface (Fλ):
fλ = θ
2Fλ. (1)
Integrating this relation for a given photometric band using
appropriate filter functions, the observed dereddened fluxes
can be related to the stellar flux directly.
As we are primarily interested in the relative changes of
the parameters and not in their absolute values, we use the
following, pulsation phase-dependent form of Eq. 1:
fK(ϕ)
fK
=
[
θ(ϕ)
θ
]2
FK
model(ϕ)
fK
model
, (2)
where fK is the observed, dereddened K-band integrated
flux, and FK
model is the corresponding value computed from
stellar atmosphere models with appropriate physical param-
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Figure 6. The linear fit of the Kflux and quadratic fit of the temperature to the I − K colour index are shown in the left and right
panels, respectively. Synthetic data of α-enhanced, [M/H] = −1 atmosphere models (Castelli & Kurucz 2003) in the T = 5250 − 8000,
log g = 2.0− 4.0 ranges are used.
eters (Teff , log g, [M/H]); ϕ denotes the pulsation phase and
the bar indicates the mean value.
Transforming Eq. 2 to magnitude scale,
∆K(ϕ) = −5 log [R(ϕ)/R0] + ∆Kmodel(ϕ) (3)
is obtained, where ∆ denotes the difference between the ac-
tual value at pulsation phase ϕ and the mean; and R0 is the
mean radius of the star.
The advantage of using K-band magnitudes is that
∆Kmodel is a linear function of the colours with good ap-
proximation, and it depends only marginally on the log g in
the relevant parameter range (Teff = 5250 − 8000, log g =
2.0 − 4.0, [M/H] = −1, α-enhanced). The effect of log g
on the Kmodel values varies from 0.0 to 0.06 mag in the
(I −K) = 1.0 − 0.2 mag colour index interval. This means
that the disregard of the log g dependence influences the re-
sults by more than 0.02 mag only at temperatures hotter
than ∼ 6750 K, i.e. at around brightness maximum.
The linearity of the relation between the Kmodel mag-
nitude and the I − K colour index for the parameter
range considered using the combined coubes and rijkl
FRIDM10AODFNEW model grids of Castelli & Kurucz
(2003) is documented in the left-hand panel of Fig. 6. This
relation is
K = 0.533(I −K)− 14.186, (4)
with rms= 0.015 mag. We also note that the linearity of
Eq. 4 guarantees that the derived ∆Kmodel(ϕ) does not de-
pend on the uncertainties of the used E(I −K) reddening
values or on the mean values of the observations.
As a consequence of neglecting the log g dependence of
the Kmodel values, the two terms in the right-hand side of
Eq. 3 can be regarded as the radius-change (∆KR) and the
temperature-change (∆KTeff ) induced parts of the observed
light variation with a good approximation, i.e. ∆KTeff =
∆Kmodel.
The implemented procedure consists of the following
steps:
(i) The ∆KTeff (ϕ) values are determined using Eq. 4 and the
observed ∆[I−K](ϕ) dereddenedmagnitudes, obtained from
the synthetic I(ϕ) and K(ϕ) light curves and the E(I −K)
reddening values listed in Table 1.
(ii) Then, ∆KR(ϕ) is obtained from:
∆KR(ϕ) = ∆Kobs(ϕ)−∆KTeff (ϕ). (5)
(iii) Finally, the temperature and radius changes are estimated
on an absolute scale. Teff(ϕ) is derived from the colour-
temperature relation given by the model-atmosphere grid
as shown in the right-hand panel of Fig. 6. It has the form
of:
Teff = 1568(I −K)
2
− 5059(I −K) + 8907, (6)
with rms= 42 K. Because this relation is nonlinear, the de-
rived Teff(ϕ) values are biased by the uncertainty of the
E(I −K) reddening values.
To transform the ∆KR(ϕ) to the radius change, we need to
know the mean radius values (R0) of the stars, as
∆KR(ϕ) = −5 log(R(ϕ)/R0), i.e. R(ϕ) = R010
∆KR(ϕ). (7)
The R0 values given in Table 1, which are calculated
from the logR/R⊙(log p, logZ) calibration of Marconi et al.
(2015), are used for determining the R(ϕ) variations.
No error estimate of the results is given. Although it
would be possible to derive formal errors, the errors origi-
nating from the uncertainties of the synthetic light curves;
from the mean magnitudes and the amplitudes of the light
curves; from the E(I −K) reddening values; from applying
static atmosphere models to fit the light and colour curves
of dynamic atmospheres; as well as from neglecting the log g
dependence, cannot be estimated in a way that would be
statistically meaningful.
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Figure 7. Results for non-Blazhko RRab stars of the Galactic-bulge sample are documented in the figure. Observed and synthetic I-
and K-band phased light curves are shown in the four left-hand columns. The fifth and sixth columns document the decomposed ∆K
variations connected to the temperature and to the radius changes. The estimated temperature and radius changes are shown in the last
two columns.
5 RESULTS
5.1 Non-Blazhko RRab stars
The results of the process described in Section 4 are shown
for nine stable RRab stars in Fig. 7. The observed and the
synthetic I- and K-band light curves are shown in the four
left-hand panels of the figure. The synthetic data are deter-
mined using an appropriately high-order (10−15) Fourier fit
to the observations. The next two columns show the ∆KTeff
and ∆KR curves, disentangled from the K observations as
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Figure 8. Comparison of the derived amplitudes of the temperature and radius changes of stable-light-curve Galactic-bulge RRL stars
with the results of the Baade-Wesselink analysis of variables in the M3 globular cluster (Jurcsik et al. 2017). The ATeff and AR/R⊙
amplitudes correspond to the total amplitudes of the variations.
explained in items (i) and (ii) of the previous section. The
estimated R and Teff variations are calculated according to
the formalism given in item (iii) of Section 4, and are plotted
in the last two columns.
In order to check the reliability and correctness of
the applied procedure, the derived temperature and ra-
dius changes are compared with the results of the Baade-
Wesselink analysis of the M3 variables (Jurcsik et al. 2017)
in Fig. 8. The amplitude ranges obtained by the process
are in perfect agreement with the M3 results both for the
temperature and the radius changes. Nevertheless, the tem-
perature is systematically lower by ∼ 300 K for the bulge
stars than the temperature determined for the M3 stars at
a given amplitude of the temperature change. This differ-
ence may arise from a ∼ 0.05 mag systematic error of the
estimated E(I − K) values or from the difference between
the filter functions of the K bands used by the atmosphere
models and by the VVV survey.
The trend seen in the amplitude versus the mean tem-
perature values of the bulge sample is similar to the trend
shown by the M3 stars, i.e. the hotter a star is the larger
is the amplitude of its temperature change (left-hand panel
of Fig. 8. The amplitudes of the radius change do not show
such a clear pattern; the connection between R0 and AR is
nonlinear, and the OoI and OoII stars seem to follow differ-
ent relations (right-hand panel of Fig. 8). However, the data
of the bulge sample fit the results on the radius changes
detected in M3 reasonably well, too.
The star with the smallest-amplitude radius and tem-
perature changes is ID 12423. As discussed in Section 2, this
star may have a significantly larger metallicy than the other
stars in the sample, or its photometry may be seriously bi-
ased.
It has to be mentioned that the K magnitudes are de-
rived from aperture photometry but the I magnitudes from
an image-subtraction technique. Consequently, the effects of
crowding, which is significant in the bulge, are not the same
on the data in the two bands. The differences between the bi-
ases of crowding on the mean magnitudes and on the ampli-
tudes in the I- andK-bands result in erroneous temperature
estimates and distortions of the derived radius/temperature-
change amplitudes, respectively. However, the results illus-
trated in Fig. 8 indicate that the applied method still yields
reliable amplitudes, i.e. the possible uncertainties of the pho-
tometry do not affect the results significantly.
5.2 Blazhko stars
Blazhko stars are analysed similarly as non-Blazhko vari-
ables by using synthetic K and I −K data. The results for
the 22 Blazhko stars studied are shown in Fig. 9. The panels
are the same as shown for the non-Blazhko stars in Fig. 7,
the complete data sets are shown in grey colour, and data
belonging to the largest- and smallest-amplitude phases of
the modulation are marked in blue and red colours, respec-
tively, in each panel of Fig. 9.
The most prominent feature of the decomposed tem-
perature and radius variations of Blazhko stars is the lack
of appreciable modulation of the radius variations that ac-
company changes of the light curves.
Neither the stars with the largest amplitude-modulation
(AIBlmin < 0.5A
I
Blmax , e.g., ID 12088, 14859, 34069,
and 34864) nor those with the largest phase-modulation
(phaseBlmax − phaseBlmin > 0.1Ppuls, e.g., ID 09904, 14225,
14261, and 16012) display notable changes in the shape of
their radius-variation. Although there might be some ambi-
guity in the absolute values of the determined temperature
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Figure 9. The same plots are shown for the studied sample of Galactic-bulge Blazhko RRab stars as shown in Fig. 7 for the non-
Blazhko reference sample. The results for the smallest- and largest-amplitude phases of the modulation are highlighted in red and blue,
respectively.
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Figure 9 – continued
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Figure 11. The relation of the normalised full amplitudes of
the radius and temperature changes for stable and Blazhko stars
in the Galactic bulge and for non-Blazhko stars in the globular
cluster M3 is shown. The second-order polynomial curve fitted to
the non-Blazhko samples is drawn in the plot as a black curve. The
mean, the minimum, and the maximum values of the amplitudes
of Blazhko stars are denoted by the same symbols as in Fig. 10
and are connected by lines.
and radius variations as discussed in Section 5.1, these un-
certainties have no influence on this result.
The small amplitude oscillations in the radius variation
seen in some cases are possibly the consequence of the un-
certainty of the synthetic K-band light curves, caused by
the improper Blazhko-phase coverage and the noise of the
data. Notwithstanding, it cannot be excluded either that
some minor features in the 0.9 − 1.2 pulsation-phase inter-
val, when the temperature may exceed 6750 K, arise from
neglecting the log g dependence of the Kmodel-(I −K) rela-
tion as described in Section 4. However, this phase interval
corresponds to the most dynamic phase of the pulsation,
when the uncertainties from using static atmosphere-model
data are the largest, so any interpretation of these features
could be incorrect.
The mean values and the amplitudes of the radius and
temperature changes are determined using the complete
light curves (these are equivalent to the results obtained for
the mean light curve if synthetic data are used) and also for
the light-curve segments at Blazhko minimum and maximum
phases for the studied 22 Blazhko stars. The mean and the
full amplitudes are obtained from 8th- and 3rd-order Fourier
fits of the corresponding temperature- and radius-variation
curves. These data are summarised in Table 3. The stars
exhibiting significant phase modulation are set in boldface
in this table.
The amplitudes of the derived temperature and radius
changes of non-Blazhko and Blazhko RRab stars are com-
pared in Fig. 10. The full amplitude of the variation derived
for the complete light curve and the amplitudes at Blazhko
maximum and minimum are shown by different symbols.
The difference between the amplitudes of the tempera-
ture variation at Blazhko minimum and maximum phases is
around or even larger than 1000 K for the stars with ampli-
tude modulations of the largest magnitude. The amplitude
of the temperature change is larger at Blazhko maximum
than at Blazhko minimum for each star. High resolution
spectrum analysis should be able to corroborate this result.
The amplitudes of the temperature variation (ATeff ) of
Blazhko stars with large phase modulation, denoted by grey
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Table 3. Mean values and amplitudes of the radius and temperature changes of stable and Blazhko stars derived for the complete light
curve and for Blazhko minimum and maximum phases.
ID∗ P [d] R0[R⊙] AR[R⊙] Teff [K] ATeff [K]
meanLC Blmin Blmax meanLC Blmin Blmax meanLC Blmin Blmax meanLC Blmin Blmax
Stable RRab stars
10879 0.470743 4.542 0.558 6382 2030
11025 0.684346 5.520 0.864 5831 1031
11105 0.520411 4.787 0.691 6203 1474
12423 0.536823 4.862 0.426 6110 646
13714 0.548255 4.918 0.753 6130 1308
13851 0.674377 5.479 0.891 5846 1055
14408 0.446024 4.417 0.641 6432 1935
33548 0.585278 5.087 0.600 5999 731
34927 0.679371 5.500 0.858 5863 1213
Blazhko RRab stars
08263 0.632747 5.297 5.293 5.302 0.684 0.732 0.667 5938 5941 5934 1122 1116 1189
09904 0.490706 4.642 4.638 4.642 0.592 0.518 0.603 6324 6314 6338 1592 1337 2117
10402 0.552169 4.933 4.939 4.928 0.543 0.612 0.487 6152 6139 6165 1234 1039 1433
11000 0.586359 5.091 5.083 5.098 0.568 0.589 0.543 6010 6008 6013 663 537 851
11104 0.540359 4.878 4.882 4.870 0.525 0.510 0.523 6188 6185 6196 1584 1383 1762
11134 0.656004 5.398 5.403 5.391 0.676 0.723 0.632 5875 5868 5884 901 869 1004
11381 0.583529 5.079 5.079 5.079 0.678 0.676 0.682 6018 6013 6023 878 727 1051
11992 0.613531 5.212 5.212 5.213 0.630 0.655 0.609 5980 5974 5988 1108 852 1353
12085 0.547507 4.915 4.924 4.906 0.660 0.604 0.744 6127 6115 6139 1186 954 1478
12088 0.557407 4.959 4.965 4.954 0.584 0.575 0.594 6101 6084 6120 940 678 1240
13185 0.620459 5.244 5.249 5.239 0.685 0.677 0.697 5969 5963 5974 1208 1002 1469
13640 0.588433 5.101 5.101 5.101 0.611 0.589 0.647 6005 6002 6008 675 582 801
14225 0.562246 4.981 4.981 4.981 0.597 0.618 0.645 6121 6119 6124 1311 1426 1549
14261 0.510530 4.737 4.725 4.749 0.517 0.497 0.458 6240 6257 6220 1432 1446 1481
14322 0.581213 5.067 5.078 5.055 0.418 0.478 0.413 6095 6079 6114 1245 942 1646
14350 0.479727 4.586 4.587 4.586 0.483 0.513 0.457 6355 6351 6360 1458 1302 1638
14654 0.540359 4.881 4.881 4.881 0.734 0.725 0.744 6141 6137 6146 1176 1033 1368
14859 0.447746 4.424 4.413 4.429 0.461 0.492 0.464 6467 6477 6462 1862 1262 2504
16012 0.517044 4.768 4.769 4.767 0.476 0.558 0.402 6226 6225 6230 1282 1343 1538
34069 0.569616 5.016 5.016 5.017 0.670 0.723 0.646 6104 6094 6117 986 684 1441
34864 0.559212 4.966 4.967 4.965 0.484 0.544 0.467 6090 6083 6099 727 393 1122
35076 0.491096 4.643 4.643 4.643 0.582 0.603 0.569 6244 6238 6249 1095 913 1254
∗Blazhko stars with large-amplitude phase modulation are set in boldface.
dots in Fig. 10, show some peculiarities. The differences be-
tween ATeff (Blmax) and ATeff (Blmin) are quite small for most
of these stars, and the amplitude of the temperature varia-
tion derived for the mean light curve is even smaller than the
ATeff amplitude detected at Blazhko minimum for some of
them. This effect indicates that using the mean light curves
of Blazhko stars showing significant phase modulation may
lead to inadequate results.
Looking at the amplitudes of the radius variations
(right-hand panel in Fig. 10) it seems that some change in
the amplitude of the radius variation also does occur; how-
ever, the AR amplitudes tend to be larger at Blazhko min-
imum than at Blazhko maximum, i.e., this change has the
opposite sign as the modulation of the light curve. However,
taking into account the uncertainties of the method (e.g., ne-
glecting the log g dependence, using static atmosphere mod-
els, uncertainties of theK-band light curves, etc.) the reality
of these small changes in the radius variation needs an in-
dependent verification.
Comparing the amplitudes of the temperature and ra-
dius variations of Blazhko and non-Blazhko stars a tendency
that the amplitudes of Blazhko stars are smaller than the
amplitudes of non-Blazhko RRLs may be noticed in Fig. 10,
if the outlier, ID 12423, is not considered. The AR/R0 ver-
sus ATeff /Teff normalised amplitude relation of stable and
Blazhko stars are compared in Fig. 11, in order to check
whether this effect is indeed significant. For reference, the re-
sults obtained from the Baade-Wesselink analysis of stable-
light-curve RRab stars in the M3 globular cluster are also
shown. Both the bulge and the M3 non-Blazhko samples
show that the amplitude of the radius change has a maxi-
mum value at around the medium value of the temperature-
change amplitude. A quadratic fit to the data of the com-
bined sample of the bulge and the M3 non-Blazhko stars is
drawn in Fig. 11.
The amplitudes of Blazhko stars differ substantially
from the ridge defined by the non-Blazhko bulge and M3
samples, because most Blazhko stars are below this curve.
The amplitudes of some of the Blazhko stars fit the positions
of non-Blazhko stars the closest at Blazhko maximum, others
near to Blazhko minimum or with the values determined for
the mean light-curve data. Moreover, there are many vari-
ables with an anomalous relation of their temperature- and
radius-change amplitudes both at Blazhko minimum, max-
MNRAS 000, 1–16 (2018)
14 J. Jurcsik et al.
0.6
0.8
1
1.2
1.4
1.6
0.5 0.6 0.7
Φ
R
 
-
 
Φ
T e
ff 
-
pi
 
 
[ra
d]
 M3 non-Bl
 bulge non-Bl
bulge Blmean
0.6
0.8
1
1.2
1.4
1.6
0.5 0.6 0.7
Φ
R
 
-
 
Φ
T e
ff 
-
pi
 
 
[ra
d]
P [day]
 M3 non-Bl
 bulge non-Bl
 bulge Blmax
 bulge Blmin
Figure 12. Phase differences between the first-order Fourier com-
ponents of the radius and temperature variations. Results for the
light curves of the stable-light-curve RRL stars in the bulge and
in the M3 globular cluster are shown by filled and open squares,
respectively. The results for the mean light curves of Blazhko stars
are shown in the top panel. The phase differences determined for
Blazhko minimum- and maximum-phases (connected by vertical
lines) are plotted in the bottom panel. Grey dots denote stars
with large phase modulation in the top panel.
imum, and also as determined from the mean light curve.
Therefore, it seems that the connection between the am-
plitudes of the radius and temperature changes of Blazhko
stars indeed differs systematically and significantly from the
relation defined by stable-light-curve stars.
Finally, the phase relation between the derived temper-
ature and radius changes has been determined for stable and
Blazhko RRab stars, and compared with the results obtained
for the M3 non-Blazhko stars. Fig. 12 shows the first-order
Fourier (sine decomposition) phase differences for the sam-
ples of non-Blazhko stars and for the mean light curves of
Blazhko stars in the bulge (top panel) and for the minimum
and maximum phases of the modulation (bottom panel).
The phase differences between the radius and temperature
variations of Blazhko stars cover a relatively large, ∼ 0.6
rad phase range. This is not surprising, as while the ra-
dius change of Blazhko stars remains stable, the tempera-
ture change follows the phase modulation of the light curve.
The φR−φTeff phase difference of Blazhko stars tends to be
significantly larger and smaller than normal at the Blazhko
maximum and minimum phases, respectively. Furthermore
the phase differences determined for the mean light curves
show a larger scatter around the mean value than the non-
Blazhko sample.
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Figure 13. The relative strength of the normalised radius-change
amplitude to the temperature-change amplitude is plotted against
the pulsation period for stable and Blazhko RRab stars. The full
amplitudes of the variations are considered here. Data are shown
for the mean, the minimum, and maximum-amplitude phases of
the modulation for the Blazhko stars; the values corresponding
the mean light curve of stars showing large phase modulation are
denoted by grey dots. For comparison, Baade-Wesselink results of
stable-light-curve RRab stars in the M3 globular cluster are also
plotted.
6 DISCUSSION
The decomposition of the temperature- and radius-change-
induced contributions to the K-band light curve has led to
the conclusion that the modulation is caused by changes
in the temperature variation and the changes of the radius
variation are very small and possibly non-significant.
The lack of appreciable changes found in the radius vari-
ation parallel with the Blazhko modulation of the light curve
affirms our previous result on the lack of modulation in the
photometric radius variation derived from the V and I band
light curves and Kurucz atmosphere model grids for Blazhko
stars in M3 (Jurcsik & Hajdu 2017).
It was discussed in detail in Section 3.1 that the relative
amplitude of the modulation is anomalously reduced in the
K band. This is the most significant in the first harmonic
order. We also found that the largest discrepancy between
the amplitudes of the pulsation and modulation components
occurs in long-period stars (see Figs. 4 and 5).
The lack of modulation of the radius curve helps to
explain why the K-band modulation amplitudes are most
reduced in the first harmonic order. According to the de-
composition of the K-band light curve, it consists of a
radius-change-connected sinusoidal part (that corresponds
to the first-order component of a Fourier solution) and a part
connected to temperature changes, which is highly peaked
(matching the higher-order components of a Fourier solu-
tion). Consequently, if the radius change is not modulated,
no or only small-amplitude modulation components will be
detected in the first harmonic order.
The determination of the amplitudes of the temperature
and radius variations makes it possible to follow the changes
of the relative strength of these variations, i.e. to determine
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Figure 14. The ΦR−ΦTeff phase lag versus the relative strength
of the normalised amplitude (first-order Fourier amplitude) of the
radius and temperature changes is shown for the different samples
of stars. The results derived from the mean light curves of Blazhko
stars are compared with the data of non-Blazhko stars in the bulge
and in the M3 globular cluster in the top panel. The bottom panel
shows the same sample of stars, but data for Blazhko maximum
and minimum phases are plotted here.
whether the temperature or the radius change dominates the
shaping of the observed K-band light curve.
Fig. 13 shows the (AR/R0)/(ATeff /Teff) ratio of the
normalised relative strengths of the temperature and ra-
dius variations for the non-Blazhko samples of stars in the
bulge and in M3 and also for the Blazhko variables in the
bulge. Although the OoI- and OoII-type stars may show
somewhat different relations in this plot, the data of non-
Blazhko stars indicate clearly that the relative strength of
the radius change increases with increasing pulsation pe-
riod, i.e. towards cooler/larger variables. This means that
the contribution of the radius change to the K-band light
curve is increasing and/or the contribution of the tempera-
ture change is decreasing with increasing pulsation period.
This finding helps to understand why the difference be-
tween the AK/AI ratio of the pulsation and modulation
frequencies is the largest for longer pulsation periods (see
Fig 4). If the radius curve is not modulated and the contri-
bution of the radius change to the light curve is larger at
long periods than at short periods, than it follows naturally
that a larger discrepancy in the amplitudes of the modula-
tion frequencies will be detected at longer periods.
The location of the mean parameters of Blazhko stars
matches the region covered by non-Blazhko stars in Fig. 13
reasonably well. The relative strength of the radius change to
the temperature change is larger at Blazhko minimum than
at Blazhko maximum for each of the studied Blazhko stars.
This is a direct consequence of the stability of the amplitude
of the radius change, parallel with the large changes detected
in the amplitude of the temperature variation. The relative
strength of the radius change to the temperature change
seems to be anomalous for most of the Blazhko stars both
at Blazhko minimum and at Blazhko maximum.
The non-adiabaticity of the excitation mechanism of
the pulsation and also the dynamics of the partial ionisa-
tion zones modify the phase-lags between the direct ob-
servables in classical radial mode pulsators (Castor 1968,
1971; Szabo´ Buchler & Bartee 2007). Likewise, the varia-
tions of photospheric radius and temperature with time in
RRLs, and the phase-lags between them, are affected by
non-adiabaticity.
Fig. 12 indicates that the ΦR − ΦTeff − pi phase-lag is
around 1.0, which corresponds to ∼ 0.15 pulsation phase.
In the adiabatic case, ΦR − ΦTeff should be equal to pi, be-
cause the radius and temperature are showing opposite be-
haviour. (Note here that the phase-lags between the first-
order Fourier components are different from those deter-
mined between the extrema.)
However, for all Blazhko stars showing large-amplitude
phase modulation, the phase lags are smaller at Blazhko
minimum than at maximum, as can be seen in Fig 12. Hence,
our results hint that non-adiabaticity has a smaller effect at
Blazhko minimum than at Blazhko maximum, which would
be a natural consequence if the excitation of the pulsation
was weaker when the amplitude of pulsation is smaller.
The question arises then, whether there is any connec-
tion between the phase-lag values and the relative strengths
of the radius change compared to temperature change, and
also whether it depends on the Blazhko phase. Therefore, fi-
nally we inspect how the ΦR−ΦTeff phase lags are related to
the relative strength of the normalised amplitude of the ra-
dius and temperature changes in Blazhko stars. The results
for the mean light curves and for the Blazhko minimum and
maximum phases are compared to the data of non-Blazhko
stars in the top and bottom panels of Fig 14, respectively.
The distribution of the M3 and bulge samples of sta-
ble RRab stars does not show any significant differences.
The positions of Blazhko stars corresponding to the mean
light curve show a bit larger scatter than of the stable stars,
but without any systematic trend. The radius change of
the Blazhko stars at the maximum phase of the modula-
tion tends to have smaller relative strengths compared to
the strength of the temperature change than it has in stable
stars or at Blazhko minimum. On the other hand, systematic
differences in the phase lags seem to be dominant at Blazhko
minimum, as the phase lags tend to be smaller than normal
in this modulation phase.
7 SUMMARY
The analysis of the VVVK-band light curves combined with
the OGLE-IV I-band observations has led to the detection
of Blazhko modulation in theK band. However, the strength
of the modulation is anomalously reduced in the K band.
In order to explain the features of the modulation in the
K band (see details in Section 3.1), as well as to interpret the
results in the context of the lack of modulation in the pho-
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tometric radius curves of Blazhko stars (Jurcsik & Hajdu
2017), a method has been developed to decompose the K-
band light curves according to the physical contributions
from the radius and the temperature change of the photo-
sphere.
Based on the results of this method, the following
conclusions on the modulation are drawn, and should be
taken into account in any interpretation of the Blazhko phe-
nomenon.
• The radius variation of the photospheric regions associ-
ated with the pulsation does not show significant changes
in Blazhko stars. The analysis of both the Galactic bulge I-
and K-band data (this paper) and the M3 globular cluster
V - and I-band data (Jurcsik & Hajdu 2017) have led to this
conclusion.
• Modulation of the temperature change curve is responsible
for the observed modulation of the light curve.
• The stability of the radius variation of the photosphere
demonstrates the stability of the pulsation. It excludes any
interpretation of the phenomenon that connects the detected
phase changes of the light curve with changes in the period
of the pulsation.
• Both the phase and the amplitude relations between the
radius and temperature changes of the photosphere are
anomalous in most phases of the modulation for most of
the Blazhko stars. The (ΦR − ΦTeff ) phase lags tend to be
smaller than normal at Blazhko minimum while the relative
strength of the radius change to the temperature change
during the pulsation cycle tends to be smaller than normal
at Blazhko maximum.
• Based on the phase lags between the radius and temper-
ature changes it seems that non-adiabatic effects are more
important in large-amplitude phases of the modulation than
when the amplitude is small.
From all these painstakingly derived clues it appears
that we need to look for a mechanism to explain the Blazhko
effect that periodically/cyclically modifies the phase (phase-
lag) and amplitude connection between the radius and tem-
perature changes of the photosphere during the pulsation
cycle, while the period of the pulsation remains stable.
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